Introduction
Hydrogen peroxide (H2O2), which is one of the best-known reactive oxygen species, is ubiquitous in all environmental and biological aquatic samples, including rain, river water, seawater, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] drinking water, 12 food, [13] [14] [15] serum, 16 urine, 17 and other aquatic samples. Since H2O2 is highly reactive with oxidizing and reducing properties, depending on the pH, it plays an important role as a reactant in various reactions. In a marine environment, H2O2 is produced by photolysis of dissolved organic matter (DOM), initiated by natural sunlight. [2] [3] [4] [5] [6] [7] 10 It is also supplied from atmospheric deposition, 18 and arises from biological production. 19 Recently, direct emissions from anthropogenic use, such as aquaculture, industrial paper bleaching, sewage disposal plants, laundry bleaching at home, cosmetic application of hair bleaching and in-situ chemical remediation of soil, have been suspected of contaminating aquatic environments. Because of its photochemical production, hydrogen peroxide is an important species to characterize the photochemical activity of marine environments. 19 When compared with other reactive oxygen species, such as hydroxyl radicals, superoxide anions and nitric oxide, H2O2 is relatively stable and has a long half-life of 10 h in coastal water and several days in the open ocean. 20 The concentration ranges of H2O2 in seawater are reportedly less than sub-micromolar. Therefore, the development of an onboard method for the measurement of H2O2 with nanomolar detection limits is essential to its monitoring and assessment in marine environments.
Van Baalen and Marler, who were the first to quantify H2O2 in seawater, employed a method based on the disappearance of fluorescence of scopoletin (7-hydroxy-6-methoxy chromen-2-one) in response to peroxidase and H2O2. 1 This method has frequently been applied to investigate the photochemical process in marine environments. [1] [2] [3] [4] The fluorescent method that employs p-hydroxyphenylacetic acid (POHPAA) with peroxidase is also sensitive enough to be applied to seawater. [5] [6] [7] [8] The POHPAA method has been modified and expanded to liquid chromatography 21 and flow injection analysis. 5 Kieber et al. recently reported detection limits of 1.3 nM using the POHPAA method. 7 The scopoletin fluorescence decay method and the POHPAA method are sensitive and selective; however, they require catalase and peroxidase. Such enzymatic methods are not suitable for onsite-analysis because of their instability.
The chemiluminescence method coupled with the Co(II) catalyzed oxidation of luminol has been reported. Price et al. applied this method for shipboard analysis using a flow-injection method, and reported a detection limit of 5 nM. 22 Cooper et al. compared the results obtained by the chemiluminescence method and the scopoletin fluorescence decay method, and found no significant differences. seawater to date. 23 Non-enzymatic fluorescence methods for determining H2O2 based on the oxidation of a probe compound by hydroxyl radicals, formed by the reaction between H2O2 and Fe(II), have been reported. Salicylate, 24 benzoic acid, 25 methyl orange 26 and coumarin 27 were reportedly utilized as probe compounds. We have proposed a method based on the reaction of Fenton with benzene. 10 This method is sensitive enough to determine H2O2 in seawater with a detection limit of 4 nM. However, this method requires the use of benzene, which is an extremely toxic reagent. Although the total amount of benzene needed is quite small (0.31 mg/sample), an analytical method using nonhazardous substances that does not sacrifice the sensitivity, selectivity and usability would be extremely useful.
Based on this study, we propose a sensitive, simple, robust and sustainable procedure for the determination of H2O2 in seawater without any enzyme. Terephthalate (TP) was used instead of benzene, because it is a less-toxic, commonly available and sensitive fluorescent probe compound for the hydroxyl radical. It is frequently applied to determine hydroxyl radicals formed by gamma-rays, 28 an ultrasonic treatment 29 and the Fenton reaction. 30 Terephthalate, which is a non-fluorescent compound, reacts with hydroxyl radicals with a reaction rate constant of 3.3 -4.4 × 10 9 M -1 s -1 to quantitatively form a strongly fluorescent 2-hydroxyterephthalate (HTP). [31] [32] [33] In this method, the hydroxyl radical generated from H2O2 and Fe(II) reacts with TP without enzymes, and HTP formed is analyzed. The performance and features of the method are mentioned in this study.
Experimental

Reagents and water
Reagent-grade disodium terephthalate (purity >99.0%) and 2-hydroxyterephthalic acid (purity >98.0%) were purchased from the Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Reagent-grade iron(II) sulfate heptahydrate was obtained from Wako Pure Chemical Industries Ltd. (Tokyo, Japan). Hydrogen peroxide (30%) was acquired from Santoku Chemical Industries Co., Ltd. (Tokyo, Japan). The concentration of commercial H2O2 was spectrophotometrically determined at 240 nm using an absorption coefficient of 38.1 M -1 cm -1 , as reported by Miller and Kester. 34 Other chemicals and solvents were of reagent grade or HPLC grade, and were used without further purification. All solutions were made using ultrapure water obtained from a Milli-Q Elix UV-5 and a Milli-Q Advantage system (Millipore, Tokyo, Japan).
H2O2 analysis
The typical method after optimization was as follows. Sample seawater was filtered through a glass fiber filter (pore size, 0.45 μm; GC-50; Advantec, Tokyo, Japan), after which a 3.0-mL aliquot of the filtered sample was transferred to a 7-mL amber glass vial with 75 μL of 30 mM H2SO4; the final pH of the solution was adjusted to 4.4 -4.5. Next, 94 μL of 100 mM TP was added to the sample solution and mixed sufficiently (final concentration of TP was 3.0 mM). Subsequently, 38 μL of 2.5 mM iron(II) sulfate was added (final concentration of Fe(II), 30 μM), and the mixture was quickly mixed and allowed to stand for 20 min at 60 C in a water bath. The 2.5 mM iron(II) sulfate solution was freshly prepared before analysis and used within 6 -12 h of preparation. In a series of procedures, HTP is quantitatively formed by the reaction between TP and the hydroxyl radical generated from H2O2 and Fe(II). To prevent the photochemical reactions leading to the decomposition and/ or formation of H2O2 and the formation of hydroxyl radicals during the analytical procedure, all procedures were conducted in an amber glass vial, and both the samples and reagents were stored in the dark.
The sample blank was prepared as follows. An aliquot of 38 μL of 2.5 mM iron(II) sulfate was added to 3.0 mL of sample seawater, which was adjusted to pH 4.4 -4.5 by 75 μL of 30 mM H2SO4. The mixture was then allowed to stand for 20 min at 60 C in a water bath, in which H2O2 in the sample seawater was decomposed by the Fenton reaction (no HTP was formed because of a lack of TP). After the decomposition of H2O2, 94 μL of 100 mM TP was added to the mixture, and the solution was incubated at 60 C for an additional 20 min. A blank was prepared for individual samples and analyzed with the sample. The pH values of the mixture of both the sample and the blank were essentially unchanged during the reaction. Serial working standard solutions of H2O2 (0 -300 or 0 -1000 nM) were prepared from 30%-hydrogen peroxide just prior to use. The concentration of H2O2 was calculated by subtracting the individual blank from the fluorescence response of the sample, and then dividing it by the slope of the calibration curve.
Formed HTPs were analyzed by two methods: an isocratic high performance liquid chromatography (HPLC) and a fluorescence detector with flow analysis (flow fluorescence analyzer (FFA)). An HPLC system was mainly used to optimize the reaction conditions, while the FFA system was used for seawater analysis on the research vessel R/V Toyoshio-Maru of Hiroshima University. Details regarding these methods are provided in the next section.
Analyses of HTP
An isocratic HPLC system (LC-980 series, Jasco, Tokyo, Japan) equipped with a fluorescence detector (PF-920, Jasco, Tokyo, Japan) was employed to determine HTP. The system contained an ODS column (RP-18GP 5 μm, 4.6 mm i.d. × 150 mm length, Kanto Kagaku, Tokyo, Japan) with a 1.67% aqueous acetic acid-methanol (65:35 (v/v)) mobile phase employed at a flow rate of 1.0 mL min -1 . The column was heated to 40 C in a column oven, the injection volume was 50 μL, and the fluorescence detector was operated at 320 for excitation and 440 nm for emission.
In the FFA system, a plunger pump (LC-980i, Jasco, Tokyo, Japan) was used to propel Milli-Q water as a carrier solution at a flow rate of 1.0 mL min -1 with a sample-injection valve (7250i, Rheodyne, CA, USA) equipped with a 100-μL sample loop. A fluorescence detector (PF-920, Jasco, Tokyo, Japan) was operated at 320/440 nm to detect HTP.
Other analyses
UV-VIS absorption spectra were analyzed using a Shimadzu UV-2400 spectrophotometer (Kyoto, Japan) with a 10-mm optical-pass quartz cuvette. A pH meter and a micro-pH electrode (D51 and 9618S-10D, Horiba, Tokyo, Japan) were employed. The dissolved organic carbon (DOC) in seawater samples was determined using a Shimadzu TOC-V (Kyoto, Japan).
Seawater sample
Seawater samples were collected from the Seto Inland Sea by the R/V Toyoshio-Maru, operated by Hiroshima University. A map of sampling sites in Osaka Bay is provided in Fig. 1 , and their details are listed in Table 1 . Seawater samples were collected using X-Niskin sampling bottles and a Sea-Bird CTD carousel multi-sampling system with conductivity-temperaturedepth sensors (SBE-9 Plus, General Oceanic Inc., FL, USA). Salinities of seawater and photo intensity underwater were obtained from conductivity-temperature-depth sensors with a photo sensor.
Aged surface seawater collected from central parts of Harima Nada (HA) and off Tokushima (TO) were used to optimize the analytical performance. Samples were collected on a cruise of the R/V Toyoshio-Maru, filtered on-site using a capsule filter (pore size, 0.20 μm; CCS-020-D1HR; Advantec, Tokyo, Japan), and stored in a cool and dark place. In the aged surface seawater, H2O2 was degraded during storage, and it was useful to evaluate the analytical performance. Surface seawater collected in central parts of Hiroshima Bay (HI) was also used. Samples from HI were passed through a glass fiber filter (pore size, 0.45 μm; GC-50; Advantec, Tokyo, Japan), and used within 2 months. Details regarding the sampling sites are summarized in Table 1 .
Results and Discussion
Optimization of reaction conditions
The effects of the Fe(II) concentration, TP concentration, reaction time, temperature, and pH were investigated using the HPLC system with surface seawater from the Seto Inland Sea (TO) spiked with 1.0 μM H2O2. The effects of the concentration of Fe(II) are shown in Fig. 2 . The fluorescence intensity increased with increases in the Fe(II) concentration, reaching the maximum fluorescence intensity at 30 μM and then decreasing. Therefore, 30 μM of Fe(II) was used as the optimum concentration of Fe(II) in this study. This level was lower than that obtained using benzene as the hydroxyl radical probe (1.5 mM). 10 Since Fe(II) has the potential to quench the hydroxyl radical, 35 the lower optimum concentration of Fe(II) in this method was an acceptable result. During optimization of the concentration of TP, the fluorescence intensity increased with increasing TP to 3.0 mM, above which it remained constant; therefore, 3.0 mM was used as the optimum concentration in our experiments. Moreover, as shown in Fig. 3 , fluorescence intensity increased with increased reaction time to a maximum level that remained with further increases in time. Specifically, the maximum fluorescence was obtained after 20 min at 60 C; therefore, these were considered the optimum values. It is well-known that the dissolved oxygen is required to form phenols by the hydroxylation of aromatic rings by hydroxyl radical. 29, 36 Since the analytical procedure in this study was conducted under air, dissolved oxygen was roughly estimated to be 0.25 mmol/L in Milli-Q water and 0.21 mmol/L in seawater at 25 C, respectively, suggesting that the dissolved oxygen should therefore be enough to generate HTP qualitatively.
The effects of the pH on the fluorescence intensity are important, since the Fenton reaction is reportedly strongly affected by the solution pH. The optimum pH values for the determination of H2O2 based on the Fenton reaction has been reported to be 4.0 with benzene, 10 3.0 with coumarin, 27 2.5 with methyl orange, 26 and 2 with salicylate. 24 Burbano et al. investigated the degradation of methyl tert-butyl ether by Fenton reaction and found a high degradation efficiency at around pH 3. 37 Previous reports indicated that the Fenton reaction should be efficient at around pH 2 -4. We tested the effects of the pH on the fluorescent signal at less than pH 7. As shown in Fig. 4 
Analytical performance
The analytical performance of the method was evaluated under optimized conditions. Table 2 summarizes the calibration curves in Milli-Q water and seawater. A linear response was obtained in both seawater and Milli-Q water. The slopes of the calibration curve in seawater were nearly the same as those in Milli-Q water, suggesting that the fluorescence intensity was not affected by coexisting sea salt. As we discuss in next section, hydroxyl radicals quenching by sea salt was negligible. As shown in Table 2 , the equivalent concentration of the intercept (=intercept/slope (nM)) was around 57 -94 nM. Many factors influence the intercept values, such as the H2O2 present in Milli-Q water and seawater used, impurities in reagents, and materials with natural fluorescence in seawater. However, the intercept values of the calibration curves were not affected during the determination of H2O2 in seawater samples, since the individual sample blank in which H2O2 was removed by Fenton reaction was subtracted.
The detection limit was defined as three-times the standard deviation of five seawater blanks. Under the optimized conditions, the detection limit was estimated to be 3 nM with HPLC, and the precision of seven independent measurements at 200 nM in seawater was 1.0%. Moreover, the proposed method showed good recovery in coastal seawater when tested using the HPLC method (Table 3) .
Interference
Because of the high reactivity of hydroxyl radicals, the quenching of hydroxyl radicals generated from H2O2 and Fe(II) is an important factor to consider when evaluating interference by co-existence. The quenching by individual components can be evaluated based on the quenching rates, which can be estimated from the rate constant and the concentration. In seawater, the chloride ion and the bromide ion would be important scavengers of hydroxyl radicals. The quenching rate constants, determined by pulse radiolysis, were reported to be 3.0 -4.3 × 10 9 M -1 s -1 for chloride ion 39,40 and 1.1 × 10 10 M -1 s -1 for bromide ion. 41 However, we also determined the apparent reaction rate constants using the steady state method, which were 1 -2 × 10 5 M -1 s -1 for chloride ion and 1.6 -1.8 × 10 9 M -1 s -1 for bromide ion. 42 This large difference can be attributed to their fast back and forward reactions. 42 Since the concentrations in seawater of salinity 35.0 were 0.55 M for chloride ion and 0.84 mM for bromide ion, the quenching rates in the seawater can be estimated to be 0.55 -1.1 × 10 5 s -1 for chloride ion and 1.3 -1.5 × 10 6 s -1 for bromide ion, respectively, which are negligible smaller than 1.2 × 10 7 s -1 for TP, which was calculated from a concentration of 3 mM and a rate constant of 4 × 10 9 M -1 s -1 . 32 These estimates were consistent with experimental results in which the slopes of the calibration curves in seawater were the same as those in Milli-Q water.
Nitrite ions are also important in scavenging of hydroxyl radicals formed by the Fenton reaction because of their high reaction rate constant with hydroxyl radical ). 43, 44 In the method with benzene, nitrite at more than 10 μM decreased the fluorescence intensity. 10 The effects of nitrite in our system are shown in Fig. 5 . The presence of nitrite at more than 10 μM interfered with the formation of HTP. To understand the effects of nitrite, the magnitudes of the interferences were analyzed by quenching of hydroxyl radicals by nitrite ions. The hydroxyl radicals generated from H2O2 and Fe(II) competitively react with TP and nitrite, resulting in the formation of HTP being reduced by the introduction of nitrite in the reaction mixture. The magnitude of the reduction by nitrite can be predicted by:
where kTP,OH and [TP] are the reaction rate constant and the concentration of TP, respectively; kNO2-,OH and [NO2 -] are the reaction rate constant and concentration of nitrite, respectively. The value (fOH) is the fraction of hydroxyl radicals that reacted with TP during competition with nitrite. The interference predicted by Eq. (1) is shown as a solid line in Fig. 5 . The predicted line could not reproduce the experimental results. The nitrite ions interfered the formation of HTP at the lower concentration on nitrite predicted by Eq. (1). These results indicate that the interference by nitrite may be due to another factor, such as the direct reduction of H2O2 by nitrite and/or the oxidation of Fe(II) to Fe(III) by nitrite, not by the scavenging of hydroxyl radicals by nitrite. However, nitrite concentrations in coastal surface seawater are reportedly less than 0.1 -2 μM in the Seto Inland Sea. 45 Moreover, the maximum concentrations of nitrite of 2 -5 μM occur in bottom water of stratified inshore sites. 46 Therefore, it is evident that the proposed method can be adapted to determine the concentrations of H2O2 in seawater.
Application to the analysis of coastal seawater samples
The vertical profiles of H2O2 that were determined by onboard analysis using the FFA are shown in Fig. 6 . The H2O2 showed a typical profile, with high concentrations at the surface and low levels in the bottom layer correlating to the photon intensity. The horizontal distribution of H2O2, salinity and dissolved organic carbon (DOC) in surface seawater of Osaka Bay is summarized in Table 4 . The H2O2 concentrations were clearly higher in the low-salinity and high-DOC samples collected from an inshore site near the river mouth. The vertical and horizontal distribution in Osaka Bay demonstrates the photochemical production of H2O2 by photolysis of DOM supplied from the river with fresh water. In addition, the direct riverine input from anthropogenic use and dry/wet deposition from urban atmosphere may be potential sources of H2O2 in coastal surface water collected near the river mouth.
Conclusion
The fluorescence method based on the hydroxylation of TP by the hydroxyl radical formed from the Fenton reaction was sensitive enough to determine the concentrations of H2O2 in coastal marine environments. In the method presented, the detection limit was 3 nM and the precision at 200 nM was 1.0%. It can be concluded that TP is an excellent probe compound for hydrogen peroxide coupled with the Fenton reaction as well as for hydroxyl radicals. In addition, the method proposed in this study is non-enzymatic and can therefore be easily applied to the onboard analysis of H2O2. The sensitive probe and simplified procedure without any enzyme make the analysis of H2O2 simple, rapid and highly sensitive. The method described in this report has sufficient performance for the monitoring of H2O2 in coastal marine environments. 
